Montado is an agro-silvo-pastoral system characterized by a high complexity as a result of the interactions between climate, soil, pasture, trees, and animals. It is in this context that management decisions must be made, for example with respect to soil fertilization, grazing, or animal supplementation. In this work, the effect of the tree canopy on the spatial and temporal variability of the soil and productivity, quality, and floristic composition of the pasture was evaluated. Precision agriculture (PA) technologies for monitoring soil and pasture were also evaluated. The study was carried out between October 2015 and June 2018 in an experimental field of 2.3 ha. The results showed: (i) The positive impact of trees and animal grazing on soil fertility; (ii) the influence of inter-annual variability of precipitation on the pattern of pasture vegetative cycle; (iii) the positive effect of trees in pasture quality; (iv) the negative effect of trees in pasture productivity; (v) the role of pasture floristic composition as an indicator of soil limitations or climatic changes; (vi) the potential of technologies associated with the concept of PA as express tools to decision making support and for the optimization of the herbaceous stratum and the dynamic management of grazing in this ecosystem in a holistic and sustainable form.
Introduction
The most significant agricultural system practiced on shallow and acidic soils of the south of Portugal is the agro-forestry-pastoral Montado system [1]. This system is characterized by a high complexity resulting from the interactions between climate, soil, pasture, trees, and animals [2] . Montado and pasture production are very important farming systems since, in Portugal, this ecosystem represents 33% of total forest area [2] and in Europe, grasslands cover 22% of the land area [3] . Since the turn of the new millennium, greater recognition of the importance of grasslands in conserving soil, promoting biodiversity, stabilizing farming communities, and providing a wealth of natural ecosystem services has led to renewed interest in the dynamics of grasslands function [4] .
In the Mediterranean climate, characterized by strong seasonality and inter-annual irregularity, pasture availability and quality vary significantly throughout the year, with a surplus of production during spring and scarcity during summer [5] , and also from year to year, depending mainly on the The aim of this paper is to evaluate: (i) The effect of the tree canopy on the spatial and temporal variability of the soil and pasture productivity, quality, and floristic composition; (ii) the potential of PA technologies to monitor the soil and evolution of pasture productivity and quality. 
Materials and Methods

Experimental Field
In this work a permanent pasture of 70 m × 130 m (Figure 2a ), inserted in a 2.3 ha area at Mitra experimental field (38°32.2′ N; 8°01.1′ W), of Quercus ilex ssp. rotundifolia Lam. (approximately 12 trees ha −1 ), and used for sheep grazing (mean number of 10 animals per hectare) was monitored. In this experimental area six trees were selected and 24 georeferenced sampling points were established, four for each tree, half UTC and half OTC. In each sampling point a grazing exclusion cage (dimensions of 0.50 m × 0.50 m) was installed. 
In this work a permanent pasture of 70 m × 130 m (Figure 2a ), inserted in a 2.3 ha area at Mitra experimental field (38 • 32.2 N; 8 • 01.1 W), of Quercus ilex ssp. rotundifolia Lam. (approximately 12 trees ha −1 ), and used for sheep grazing (mean number of 10 animals per hectare) was monitored. In this experimental area six trees were selected and 24 georeferenced sampling points were established, four for each tree, half UTC and half OTC. In each sampling point a grazing exclusion cage (dimensions of 0.50 m × 0.50 m) was installed. Figure 2b shows the altimetric map, obtained from a topographic survey carried out during October 2015 using a real-time kinematic (RTK) GPS instrument (Trimble RTK/PP-4700 GPS manufactured by TRIMBLE Navigation Limited, USA). The slightly wavy relief of the field, with altimetry between 215 and 219 m, is representative of the dominant pattern in this region [6] . The digital surface elevation model (altimetry, Figure 2b ) was created using the linear interpolation TIN tool from ArcGIS 9.3 and converted to a grid surface with a 1 m grid resolution.
This region integrates the "Csa-hot-summer Mediterranean climate" of spatial distribution of Köppen-Geiger climate groups [27] , characterized by strong seasonality, with a wide amplitude of temperatures (exceeding 40 • C in summer and falling below 0 • C in winter), and precipitation (on average between 400 and 600 mm), with strong distribution irregularity. Figure 3 shows the monthly mean temperature and the monthly rainfall in Mitra meteorological station (Évora, Portugal), between September 2015 and August 2018. Figure 2b shows the altimetric map, obtained from a topographic survey carried out during October 2015 using a real-time kinematic (RTK) GPS instrument (Trimble RTK/PP-4700 GPS manufactured by TRIMBLE Navigation Limited, USA). The slightly wavy relief of the field, with altimetry between 215 and 219 m, is representative of the dominant pattern in this region [6] . The digital surface elevation model (altimetry, Figure 2b ) was created using the linear interpolation TIN tool from ArcGIS 9.3 and converted to a grid surface with a 1 m grid resolution.
This region integrates the "Csa-hot-summer Mediterranean climate" of spatial distribution of Köppen-Geiger climate groups [27] , characterized by strong seasonality, with a wide amplitude of temperatures (exceeding 40 °C in summer and falling below 0 °C in winter), and precipitation (on average between 400 and 600 mm), with strong distribution irregularity. Figure 3 shows the monthly mean temperature and the monthly rainfall in Mitra meteorological station (Évora, Portugal), between September 2015 and August 2018.
The soil type is a Cambisol with a granite origin [28] , characterized by slight or moderate weathering of parent material and by absence of appreciable quantities of illuviated clay, organic matter, aluminum, and/or iron compounds. These acid Cambisols are mainly used for mixed agro-silvo-pastoral systems.
Soil Measurements
Laboratory Determination of Soil Characteristics
In October 2015, soil samples were collected at the 24 sampling points at 0-0.30 m depth using a gouge auger and a hammer. These soil samples were inserted in plastic bags, air-dried, and analyzed for particle-size distribution (texture: Sand, silt, and clay content) using a sedimentograph (Sedigraph 5100, manufactured by Micromeritics), after passing the fine components through a 2 mm sieve. The fine soil (fraction with diameter < 2 mm) was characterized in terms of pH, organic matter (OM), cationic exchange capacity (CEC), phosphorus (P2O5), potassium (K2O), magnesium (Mg), and manganese (Mn). These fine components were analyzed using the following methods [29] : (i) For pH in 1:2.5 (soil:water) suspension, using the potentiometric method; (ii) the OM was In March 2018 a new soil collection was carried out at the same depth and at the same 24 sampling points, with the main purpose of verifying the pH evolution, after the application, in November 2017, of dolomitic limestone (2000 kg by hectare). These soil samples were subjected to laboratory analysis to determine OM, pH, P2O5, K2O, Mg, and Mn using the above-mentioned analytical methods.
Soil Apparent Electrical Conductivity Survey
In October 2015, a survey of soil ECa was carried out with a Dualem 1S sensor (Dualem Inc., Milton, ON, Canada) in the 0-0.30 m soil layer. The sensor, equipped with a GPS antenna was manually transported by an operator, who made successive passages spaced 5 m apart. The ECa The soil type is a Cambisol with a granite origin [28] , characterized by slight or moderate weathering of parent material and by absence of appreciable quantities of illuviated clay, organic matter, aluminum, and/or iron compounds. These acid Cambisols are mainly used for mixed agro-silvo-pastoral systems.
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Soil Measurements
Laboratory Determination of Soil Characteristics
In October 2015, soil samples were collected at the 24 sampling points at 0-0.30 m depth using a gouge auger and a hammer. These soil samples were inserted in plastic bags, air-dried, and analyzed for particle-size distribution (texture: Sand, silt, and clay content) using a sedimentograph (Sedigraph 5100, manufactured by Micromeritics), after passing the fine components through a 2 mm sieve. The fine soil (fraction with diameter < 2 mm) was characterized in terms of pH, organic matter (OM), cationic exchange capacity (CEC), phosphorus (P 2 O 5 ), potassium (K 2 O), magnesium (Mg), and manganese (Mn). These fine components were analyzed using the following methods [29] : (i) For pH in 1:2.5 (soil:water) suspension, using the potentiometric method; (ii) the OM was measured by combustion and CO 2 measurement, using an infrared detection cell; (iii) the CEC was measured by the neutral ammonium acetate method; (iv) the P 2 O 5 and K 2 O were extracted by the Egner-Riehm method, and P 2 O 5 was measured using colorimetric method, while K 2 O content was measured with a flame photometer; (v) the Mg and Mn were measured using atomic absorption spectrometry. A subsample of each soil sample was weighed, dried at 70 • C for 48 h, and then weighed again to establish the soil moisture content (SMC).
In March 2018 a new soil collection was carried out at the same depth and at the same 24 sampling points, with the main purpose of verifying the pH evolution, after the application, in November 2017, of dolomitic limestone (2000 kg by hectare). These soil samples were subjected to laboratory analysis to determine OM, pH, P 2 O 5 , K 2 O, Mg, and Mn using the above-mentioned analytical methods.
Soil Apparent Electrical Conductivity Survey
In October 2015, a survey of soil EC a was carried out with a Dualem 1S sensor (Dualem Inc., Milton, ON, Canada) in the 0-0.30 m soil layer. The sensor, equipped with a GPS antenna was manually transported by an operator, who made successive passages spaced 5 m apart. The EC a measurements were registered continuously every second. The spatial EC a map was created using the linear interpolation TIN tool from ArcGIS 9.3 and converted to a grid surface with a 1 m grid resolution.
Soil Moisture Content and Cone Index Measurements
Twenty-four plastic tubes were installed in the ground at up to 0.60 m depth, 12 UTC and 12 OTC. These probe access tubes permit rapid, reliable, and non-destructive recording of SMC profiles using portable time domain reflectometry (TDR) probes (TRIME-FM, IMKO-Micromodultechnik, GmbH, Ettlingen, Germany). The measurements were carried out monthly between February and June 2017 and 2018 at the following depths: 0.10, 0.20, 0.30, 0.40, 0.50, and 0.60 m. In this study the average SMC values measured between 0 and 0.30 m depth were used.
Cone penetrometer electronic FieldScout SC 900 (Spectrum Technologies, Aurora, IL, USA) was used to measure the cone index (CI, in kPa) in the 24 sampling points, monthly between February and June 2017 and 2018. In this study the CI values between 0-0.45 m, average of all monthly measurements are used.
Pasture Measurements
Proximal Sensors Measurements
Pasture photosynthetically active radiation (PAR; spectral range of 400-700 nm) of 24 sampling points was measured by a ceptometer (AccuPAR LP-80, Decagon Devices, Pullman, WA, USA) in mid-February and May 2018, at three different times: 10 a.m., 1 p.m., and 4 p.m.
Infrared thermography images were obtained from each sampling point monthly between February (or March) and June of 2016, 2017, and 2018 using an infrared camera (ThermaCAMTM FLIR Systems, Wilsonville, OR, USA). Measurements were always performed at the same time (9 a.m.).
Agronomy 2020, 10, 218 6 of 26 Thermography images were analyzed using a ResearchIR ® 3.0 (FLIR Systems, Wilsonville, OR, USA) and data from each infrared image was exported to a spreadsheet where the information was processed in order to calculate the mean, standard deviation, and range of pasture surface temperature.
Pasture vegetation index (Normalized Difference Vegetation Index, NDVI) was measured in all 24 sampling points with an active optical sensor (AOS, OptRxTM, Ag Leader, Ames, IA, USA). Measurements were carried out monthly between November 2015 and June 2018. The sensor, placed 0.5 m above the pasture, measures simultaneously three visible and infrared bands: (i) RED (670 nm); (ii) RED EDGE (728 nm); and (iii) Near InfraRed (NIR, 775 nm). With two of the above-mentioned spectral bands NDVI vegetation index was calculated considering the expression of Equation (1). The operator stood still at the area of each geo-referenced point and performed measurements for a two-minute period. The values of NDVI were organized in a spreadsheet and associated with the coordinates of the respective sampling points to calculate the mean, standard deviation and range.
Pasture biomass estimation was carried out monthly between February (or March) and June of 2016, 2017, and 2018 with an electronic capacitance probe (Grassmaster II, Novel Ways Electronic, Hamilton, New Zealand). The capacitance readings (CMR) were registered after the instrument had been positioned vertically over the vegetation, some 0.2-0.3 m away from the operator's body. In each of 24 sampling points, ten readings were performed and averaged.
Pasture Samples Collection and Analysis
Pasture samples were collected within each sampling area monthly between February or March and June of each year (2016, 2017, and 2018) . At each sampling point, pasture was cut at 1 to 2 cm above ground. It was then (i) weighted immediately to obtain fresh mass (green matter, GM, kg·ha −1 ); (ii) dehydrated (72 h at 65 • C); and (iii) weighted again, in order to obtain pasture moisture content (PMC, %). The dehydrated samples were analyzed in order to determine the content of CP (%) and neutral detergent fiber (NDF, %) using conventional methods of wet chemistry according to the Association of Official Analytical Chemists [30] . The pasture quality degradation index ("PQDI", Equation (2)) was then calculated based on the ratio of these two parameters.
During the pasture flowering period (May 2016 and 2018), a floristic inventory of species and families present in each of the sampling points was carried out by an expert in conservation biology based on the phytosociological method of Braun-Blanquet [31] . In each sampling area (0.025 m 2 ), the percentage of coverage by each species was recorded.
Statistical Analysis of the Data
Descriptive statistics analysis, including mean, standard deviation (SD), coefficient of variation (CV), and range, were determined for each data set of soil, pasture, and sensor parameters. Statistical procedures were performed using 'MSTAT-C' software with a significance level of 95% (p < 0.05). The inferential statistical treatment of the results consisted of analysis of variance. Least-square differences test (Fisher's least significant difference) was used to determine significant differences among means of parameters in two situations: UTC and OTC. Regression analysis was used to study the relationships between soil, pasture, and sensor parameters.
Results
Seasonality and Interannual Climate Variability
The typical climatic seasonality of this region ( Figure 3 ) is reflected in the vegetative growth of the pasture. Figure 4 shows the evolution of NDVI measured monthly by the OptRx active optical sensor over the period of this study. The standard pattern indicates minimum NDVI values (around 0.2) in the summer months (July-September), when low rainfall is combined with average temperatures around 25 • C (Figure 3 ), and maximum temperatures may reach at 40 • C. During autumn (October-December) there is a very significant increase in NDVI, depending on the distribution of rainfall over this period. In winter, usually between February and March, NDVI reaches its peak (around 0.8). From this point on, the clear rise in temperatures accelerates the pasture vegetative cycle, with the NDVI decreasing more or less sharply, depending once again on the amount of rainfall that occurs during this period.
Agronomy 2020, 9, x; doi: FOR PEER REVIEW www.mdpi.com/journal/agronomy procedures were performed using 'MSTAT-C' software with a significance level of 95% (p < 0.05). The inferential statistical treatment of the results consisted of analysis of variance. Least-square differences test (Fisher's least significant difference) was used to determine significant differences among means of parameters in two situations: UTC and OTC. Regression analysis was used to study the relationships between soil, pasture, and sensor parameters.
Results
Seasonality and Interannual Climate Variability
The typical climatic seasonality of this region ( Figure 3 ) is reflected in the vegetative growth of the pasture. Figure 4 shows the evolution of NDVI measured monthly by the OptRx active optical sensor over the period of this study. The standard pattern indicates minimum NDVI values (around 0.2) in the summer months (July-September), when low rainfall is combined with average temperatures around 25 °C ( Figure 3 ), and maximum temperatures may reach at 40 °C. During autumn (October-December) there is a very significant increase in NDVI, depending on the distribution of rainfall over this period. In winter, usually between February and March, NDVI reaches its peak (around 0.8). From this point on, the clear rise in temperatures accelerates the pasture vegetative cycle, with the NDVI decreasing more or less sharply, depending once again on the amount of rainfall that occurs during this period. In addition to climatic seasonality, during the study period there was an important inter-annual variability. Figure 5a In addition to climatic seasonality, during the study period there was an important inter-annual variability. Figure 5a shows the irregular quarterly (seasonal) and annual distribution of accumulated rainfall in the agricultural years 2015-2016, 2016-2017, and 2017-2018.
The accumulated precipitation was 547 mm, 421 mm, and 612 mm, respectively, however, while in 2015-2016 the precipitation occurred evenly in the seasons in which there is vegetative development in this region (autumn, winter and spring), 2016-2017 presented a relatively dry spring (119 mm between March and May), and 2017-2018 presented a dry autumn (52 mm between September and November) and a very rainy spring (361 mm between March and May). The irregularity of rainfall distribution is aggravated by the trend in average temperature. Figure 5b , which compares the evolution of the monthly average temperature of the period of 30 years between 1981 and 2010 with the same average parameter of the last three years (September 2015-August 2018) shows, on the other hand, a tendency for the average temperature to fall by 3-5 • C in the months of September, October, and November The accumulated precipitation was 547 mm, 421 mm, and 612 mm, respectively, however, while in 2015-2016 the precipitation occurred evenly in the seasons in which there is vegetative development in this region (autumn, winter and spring), 2016-2017 presented a relatively dry spring (119 mm between March and May), and 2017-2018 presented a dry autumn (52 mm between September and November) and a very rainy spring (361 mm between March and May). The irregularity of rainfall distribution is aggravated by the trend in average temperature. Figure 5b , which compares the evolution of the monthly average temperature of the period of 30 years between Table 1 summarizes the results of the descriptive statistical analyses of soil characteristics in October 2015 and March 2018. 3), poor in clay (9.3 ± 1.4%) and CEC (7.3 ± 1.2 cmol kg −1 ), and low ratio Mg/Mn (close to 1). In March 2018, after the pH amendment (application of 2000 kg ha −1 of dolomitic limestone in November 2017), there was a slight rise in pH (5.6 ± 0.3) and a strong improvement in the Mg / Mn ratio (close to 3) as this dolomitic limestone is rich in Ca and Mg. The OM also had higher average values in March 2018, which is a good indicator of the effect of interactions with trees and grazing animals. The important spatial variability of soil parameters is also evident and reflected in the high CV, especially in OM (30%-40%) and nutrient availability (P 2 O 5 , K 2 O, Mg, Mn; 25%-70%). Parameters such as CEC, clay and silt soil content have CV of approximately 15%, while pH and sand fractions have CV of approximately 5%. Table 1 also shows the mean comparison of soil parameters UTC and OTC. No significant differences were found in texture and pH but soil UTC had significantly (p < 0.05%) higher levels of OM, CEC, P 2 O 5 , K 2 O, Mg, and Mn.
Soil Spatial and Temporal Variability
Spatial and Temporal Variability of Pasture Productivity and Quality
Tables 2-4 summarize the results of the descriptive statistical analyses of monthly pasture biomass (kg ha −1 ; Table 2 ), CP (%; Table 3 ), fiber (NDF, %; Table 3 ), pasture moisture content (PMC, %; Table 4 ), and pasture quality degradation index (PQDI; Table 4 ). Some aspects to highlight regarding spatial variability are: (i) High spatial variability of biomass (CV between 30%-65%); (ii) moderate variability of CP and NDF (overall CV < 30%); (iii) relatively low variability of PMC (overall CV < 10% except in June 2017, when PMC levels reached very low values). The pattern of evolution of these parameters in the growing season between February and June showed: (i) A peak of biomass production between April and May; (ii) decreasing trend of pasture quality indicators PMC and CP; (iii) trend towards worsening of indicators of pasture quality degradation NDF and PQDI. Any of these trends was more or less clear each year, depending on the distribution of precipitation. Tables 2-4 also demonstrate the different evolution of pasture productivity and quality parameters UTC and OTC. Tree canopy proved to be unfavorable to productivity (biomass), however, it had a significant advantage regarding pasture quality (higher CP values and lower NDF values). This positive effect of tree canopy, leading to the prolongation of the period of higher vegetative vigor, was clearly evident in the PQDI pattern. Table 5 shows the floristic composition of pasture (mean cover) in terms of botanical species in spring 2016 and spring 2018, UTC and OTC. The results show temporal but also spatial differences. The number of botanical species was always higher OTC (30 in 2016 and 15 in 2018) than UTC (26 in 2016 and 10 in 2018). From spring 2016 to spring 2018, the total number of species decreased from 33 to 20, with alteration of the predominant species, as well as a different floristic composition UTC and OTC. Shaded values in Table 5 indicate the predominant species in each year, UTC and OTC. In 2016, the clearly predominant species UTC was Erodium moschatum (40.2% mean cover), while OTC was not a predominant species, the species more representative were Chamaemelum mixtum (17.0%) and Erodium moschatum (15.6%). In 2018, there was a clear predominance of two species in UTC, which occupied about 80% of the area (Bromus diandrus-42.8%; and Erodium moschatum-36.2%), while OTC the predominance was now of the Erodium moschatum (37.9%) species, with a cover area equivalent to almost double the cover area of the second most representative species (Bromus diandrus-19.4%). Figure 6 shows the map of EC a of the study area measured in October 2015. This parameter had a mean value of 11.6 ± 3.3 mS m −1 , which, considering the dimensions of the study area, reflects a strong spatial variability (CV = 28.7%), with preponderance of values below 8 mS m −1 , particularly in the central area of the field. These relatively low EC a values are related to coarse soil texture (average clay of 9.3 ± 1.4%), poor CEC (average 7.3 ± 1.2 cmol kg −1 ), and reduced SMC (average value of 9.5 ± 1.4%). strong spatial variability (CV = 28.7%), with preponderance of values below 8 mS m −1 , particularly in the central area of the field. These relatively low ECa values are related to coarse soil texture (average clay of 9.3 ± 1.4%), poor CEC (average 7.3 ± 1.2 cmol kg −1 ), and reduced SMC (average value of 9.5 ± 1.4%).
Spatial and Temporal Variability of Pasture Floristic Composition
Botanical Species
Spatial Variability of Apparent Soil Electrical Conductivity
EC a
(mS m -1 ) Figure 7 shows photosynthetically active radiation (PAR) UTC and OTC, for each measurement date-time. The lower sun exposure of UTC pasture has implications for pasture surface temperature (Tir), as shown in Figure 8 . The average Tir of the 12 sampling points in each situation (UTC and OTC) was significantly higher OTC between March and May 2016, between May and June 2017, and between March and June 2018. Figure 9 shows the evolution of SMC in both situations (UTC and OTC), between March and June 2017 and 2018. There is a tendency for SMC in the 0-0.30 m soil layer to show higher OTC values, with significant differences between February and June 2017 and in February and April 2018.
Effect of Tree Canopy in Photosynthetically Active Radiation (PAR), Surface Temperature (Tir), Soil Moisture Content (SMC), and Cone Index (CI)
Another aspect that was evaluated in this study was the cone index (CI, in kPa), i.e., the soil resistance to penetration by the electronic cone. Figure 10 shows the average CI values obtained UTC and OTC in the set of measurements (monthly between February and June 2017 and 2018), in the 3.6. Effect of Tree Canopy in Photosynthetically Active Radiation (PAR), Surface Temperature (T ir ), Soil Moisture Content (SMC), and Cone Index (CI) Figure 7 shows photosynthetically active radiation (PAR) UTC and OTC, for each measurement date-time. The lower sun exposure of UTC pasture has implications for pasture surface temperature (T ir ), as shown in Figure 8 . The average T ir of the 12 sampling points in each situation (UTC and OTC) was significantly higher OTC between March and May 2016, between May and June 2017, and between March and June 2018. Figure 9 shows the evolution of SMC in both situations (UTC and OTC), between March and June 2017 and 2018. There is a tendency for SMC in the 0-0.30 m soil layer to show higher OTC values, with significant differences between February and June 2017 and in February and April 2018.
Another aspect that was evaluated in this study was the cone index (CI, in kPa), i.e., the soil resistance to penetration by the electronic cone. Figure 10 shows the average CI values obtained UTC and OTC in the set of measurements (monthly between February and June 2017 and 2018), in the 0-0.45 m soil layer. Significant differences were found in the depth range between 0.175 m and 0.425 m, with higher CI under tree canopy. Table 6 summarizes the results of the descriptive statistical analyses of monthly NDVI and CMR. In June 2017, it was not possible to perform measurements with the Grassmaster II probe as the pasture was already very low moisture (PMC = 14.5 ± 4.7%). The information obtained by the proximal sensors was correlated with soil and pasture characteristics. Table 7 shows the best significant relationships between (i) EC a measured by Dualem sensor and soil parameters (Clay R 2 = 0.55; CEC, R 2 = 0.39; and SMC, R 2 = 0.48); (ii) CMR measured by Grassmaster II probe and pasture parameters (biomass, R 2 = 0.75; and PMC, R 2 = 0.60); (iii) NDVI measured by OptRx sensor and pasture biomass (R 2 = 0.47), PMC (R 2 = 0.91), CP (R 2 = 0.82), NDF (R 2 = 0.84) and PQDI (R 2 = 0.93). Table 7 . Best significant relationships between soil, pasture, and sensors parameters: (i) Relationships between soil apparent electrical conductivity (EC a ) measured by Dualem sensor and soil parameters; (ii) relationships between corrected meter readings (CMR) measured by Grassmaster II probe and pasture parameters; (iii) relationships between normalized difference vegetation index (NDVI) measured by OptRx sensor and pasture parameters. 
Relationship between Soil and Pasture Characteristics and Parameters Measured by Proximal Sensors
Discussion
Soil Spatial and Temporal Variability
Montado ecosystems are particularly complex and difficult to study because of the wide range of management and environmental conditions that they are exposed to [3] . The results of this study demonstrated the effect of trees and their importance in the dynamics of soil nutrients in agro-silvo-pastoral systems and highlighted the importance of optimizing the management of pasture and animal grazing as a potential measure for mitigating climate change in Mediterranean regions. Land cover management has been an effective strategy for managing land degradation through the reduction of water, soil and nutrient losses and improving soil structure, fertility, and quality [32] [33] [34] . The potential for carbon (C) sequestration in systems which combined pastures with trees increases because of the secondary roots of the trees, which slowly accumulate great amounts of C in the soil [32] . The C stock of soil under pasture represents the dynamic balance between the addition of dead plant material and the loss by decomposition or mineralization [35] .
The important spatial variability of soil parameters verified in this work, namely in OM, P 2 O 5 , K 2 O, Mg, and Mn (with CV greater than 25%), was also identified in other studies about this ecosystem [11, 36] . McCormick et al. [8] and Somarriba [37] concluded that heterogeneous waste disposal by grazing animals is the main cause of soil nutrient variability in extensive livestock systems. For Sales-Baptista et al. [9] , in addition to the impact on the physical soil properties caused by treading, grazing animals, the deposition of dung and urine also affect chemical properties of soils and nutrient cycling and availability. Seddaiu et al. [13] and Gómez-Rey et al. [38] studied the effect of trees on soil properties. Benavides et al. [12] and Gómez-Rey et al. [38] justified the higher concentration of nutrients UTC as a result of the absorption by the roots in deep soil layers and their incorporation into the surface layers by leaf fall.
One of the characteristics of soils in the region is their low pH [6] . Pastoral soils tend to acidify as a result of nitrate leaching and OM accumulation [15, 38] . Associated with soil acidity, the problem of Mn toxicity is frequently found, which has long been recognized as the major limitation for the pasture and forage production in the Montado ecosystem on acid Cambisols of the south of Portugal [1]. These authors suggest that pH correction should be done, therefore, with the application of dolomitic limestone, which provides CaCO 3 but also Mg, to improve the Mg/Mn ratio (in this study, the ratio evolved from about 1 in 2016 to about 3 in 2018, after applying dolomitic limestone). The combination of these two factors (rising pH and Mg/Mn ratio) should provide greater nutrient availability for the plants, resulting in an effective improvement in soil fertility [6] .
Spatial and Temporal Variability of Pasture Productivity and Quality
In Montado, high inter-annual variability in pasture biomass production can occur. During drier years, it follows a pattern that is typical of semi-desertic biomes, but in more favorable rainfall years the pattern is well within the range of herb biomass production of the subhumid woodland-grassland biome [39] . The plant food resources available to grazing animals in Montado ecosystem are highly diverse and variable, both spatially and seasonally, in quantity and quality. Plant biomass increases from winter to late spring, and restarts growing again after first autumn rains which may occur as early as September or as late as November. Usually the crude protein content of pasture decreases from winter to summer, while its fiber content increases [6, 12, 39] .
The results of this work show the typical evolution of productivity and quality parameters of dryland Mediterranean pastures throughout their vegetative cycle: biomass productivity increases from winter to late spring, with a peak in late spring and an inverse pattern of pasture quality with the approach of summer [6, 39] . In this study the inter-annual variability was evident: the peak of biomass production in drier year 2016/2017 (with a total rainfall of 421 mm; Figure 5a ) was 12 771 ± 7106 kg ha −1 (in April 2017), while in 2016/2017 (a year with a more favorable rainfall of 547 mm, regularly distributed in autumn, winter and spring) the peak of biomass production was almost the double (24 148 ± 13 584 kg ha −1 ). spring 2018, however, shows a different pattern: (i) productivity increased from May to June, reflecting the high amount of precipitation that occurred between March and June, associated with the rising air temperature characteristic of this season; (ii) with regard to pasture quality, where the CP arises as one of the most important attributes because it limits animal production [9] , the reversal of the normal trend took place between April and May, with CP levels rising and falling again in June. This behaviour of productivity and quality parameters due to the higher concentration of precipitation in the spring, prolonging the vegetative cycle, is a good indicator of the potential response of these pastures to intensification through the incorporation of irrigation systems.
In this study, in addition to seasonality and inter-annual variability, the effect of tree canopy on pasture productivity and quality was evaluated. The effect of trees on the pasture understory are a direct consequence of the extent to which they modify the microclimate and soil properties [12, 15] . This effect of trees on soil and pasture cannot be dissociated from the effect of animal grazing. For Hussain et al. [40] livestock grazing can have an important influence on soil and sward composition, sward quality and pasture production. In terms of soil, the highest fertility is observed UTC (higher levels of OM, CEC, P 2 O 5 , K 2 O or Mg), but at the same time, these areas have higher CI in the 0.150-0.425 m soil layer ( Figure 10 ), which may be related to the presence of tree roots and the permanence of animals UTC where they find shelter on days of heavy precipitation in the autumn-winter period, as well as on days of high temperatures in the spring-summer period. Since the roots of the botanical species present in the pastures develop generally in the topsoil (0-0.20m; [6] ), they are not subject to the effect of this greater compaction UTC.
As far as the microclimate is concerned, Figures 7-9 show, respectively, the evolution of PAR, T ir and SMC in sampling dates, UTC and OTC. For Marcos et al. [11] the balance of interaction between trees and pasture is positive in terms of soil fertility but negative in terms of light, temperature and water, which was confirmed in our work. Tree canopy effect on PAR intercepted by pasture is evident: in March pasture UTC received on average 33.7% of OTC photosynthetically active radiation and in May this value went down to 14.4%. Consequently, T ir shows a tendency to present higher values OTC (Figure 8 ). On the other hand, SMC behaviour reflects the complex relationship between rainfall, SMC, water uptake by plants and evapotranspiration, which varies seasonally (Benavides et al. 2009 ). In the period considered (between March and June 2017 and 2018), SMC was higher OTC, with the canopy serving as an obstacle to the arrival of rainwater on the pasture [12] . The combination of higher PAR, higher T ir and higher SMC explain the higher productivity that has been verified OTC. According to Benavides et al. [12] these are important factors affecting pasture production because they affect the physiological processes of plants such as photosynthesis, respiration and germination, decreasing pasture carbohydrate manufacture and net dry matter production [15, 41] . However, and according to the same authors, a reduction in light does not lead to a proportional decrease in vegetative growth because compensatory responses occur in plant morphology and biochemistry. The production of more chlorophyll per leaf, the development of fewer but thinner and larger leaves (increasing leaf area), and longer stems, petioles and internodes, are some of the changes found in shaded plants. It is not surprising, therefore, to have observed in this study the positive effect of tree canopy on the prolongation of the period of higher vegetative vigor and higher values of pasture quality UTC (more CP, more PMC and less fibre), clearly evident in the PQDI pattern. To the variability of nutritional value of pasture can also contribute the changes in sward botanical composition and species phenology [40] , which will be covered in the next point of this discussion. Herbage quality is mainly determined by plant species (and functional groups; e.g., legumes have more protein than grasses), but also influenced by plant parts (leaves/stems) and plant maturity, with young plants having higher protein and mature plants a higher fibre [9] .
Spatial and Temporal Variability of Pasture Floristic Composition
As in other Mediterranean systems, the Montado is characterized by large spatial and temporal variation in the availability and quality of plant forage [39] . Besides herbage mass availability, the plant diversity and nutritive quality also vary seasonally, annually and with spatial location [5] . High seasonal fluctuations of light, temperature and soil moisture drive plant quality and availability. Plant food resource quality is strongly related to species composition, namely abundance of legumes or grasses and overall plant diversity [42] . Figure 11 shows the four predominant botanical species of the studied field in each year (2016, (a) and 2018, (b)), UTC and OTC. This spatial variability (UTC vs OTC) cannot be dissociated from aspects related to soil fertility (see Table 1 ) and the microclimate provided by the tree canopy (see . Modifications of the botanical composition are caused by changes in the microclimate and soil properties. Livestock grazing, including grazing behaviour in the presence of trees may also modify pasture composition [12] . Because legumes tend to be more sensitive to treading damage than grasses, a shift on pasture composition toward grasses may occur under heavy hoof action with consequent reduction in plant diversity [5] . The temporal variability (2016 → 2018) of the floristic composition may reflect the effect of soil correction (carried out in November 2017), but also the adaptability, with the predominance of species that are more resilient to thermal amplitudes, to the characteristics of the agricultural year (in terms of precipitation distribution), more tolerant to acid pH and excessive Mn concentrations. Most of these species are annuals, with pronounced patchiness of vegetation communities and marked seasonality of plant cycles, which germinate according to yearly environmental conditions (e.g., temperature, rainfall) and, consequently, the species composition of grassland in Montado can have a high inter-annual variability [9] .
In 2016 (before dolomitic limestone application), there was an excessive level of Mn in the soil (see Table 1 ), leading to a Mg/Mn ratio close to 1, which constitutes a risk of Mn toxicity [1]. Floristic composition results not only from the depressive effect that Mn has on the growth of different species, but also from the competition dynamics between species, thus resulting in an additive effect. There are species that have developed adaptation to excessive levels of Mn, such as Chamaemelium mixtum and Chamaemelium fuscatum, and species that have susceptibility to Mn, which are grasses in general. For example, in spring 2016, the presence of Chamaemelium mixtum is lower UTC (6.9%) than OTC (17.0%), while Gramínea sp. is only present UTC (12.9%). This means that Mn toxicity has been reduced by UTC, but has not been eliminated by the canopy effect as this species is still able to compete. In 2018 (after soil correction) Chamaemelium mixtum disappears completely and Chamaemelium fuscatum also disappears UTC as toxicity has decreased and these species lose their competitive ability. In 2018 Diplotaxis catholica also appears OTC, a competing species of Chamaemelium, but more demanding, indicating, therefore, that soil conditions improved after the application of dolomitic limestone. These species rely on vigorous growth in autumn, which culminates in early winter flowering compared to the vast majority of other species, which bloom during spring [6] . Another sign of improvement in 2018 is provided by the appearance of grasses OTC (Poaceae; in this case Bromus diandrus with 19.4% of mean cover), albeit still with lower expression than UTC (mean cover of 42.8%), reflecting the difference in fertility in both situations and, simultaneously, the greater shade tolerance of these species [12] .
Agronomy 2019, 9, In 2016 (before dolomitic limestone application), there was an excessive level of Mn in the soil (see Table 1 ), leading to a Mg/Mn ratio close to 1, which constitutes a risk of Mn toxicity [1]. Floristic composition results not only from the depressive effect that Mn has on the growth of different species, but also from the competition dynamics between species, thus resulting in an additive effect. In summary, after application of dolomitic limestone, the most indicative species of excess Mn (Chamaemelium) disappears from UTC and substantially reduces its presence OTC. In this OTC reduction, this species is replaced by more interesting species (Diplotaxis catholica and grasses in general) but more sensitive to Mn. The data from this study seem to indicate that the toxicity problem is solved UTC (where there is higher soil fertility), but not OTC, although the situation has improved. These results prove that soil correction is a slow and gradual process [6] , which requires periodic monitoring of both soil and plants that are bio-indicators. In this specific case, therefore, a new application of dolomitic limestone is justified, which can and should be spatially differentiated (favoring the OTC areas) through variable rate technology (VRT). It is hoped that at a later stage of the process, legumes (Fabaceae), of great importance for atmospheric nitrogen fixation [6] but also for improving the nutritional value of pasture [39] , can enter the floristic composition either through the soil seed bank or through the reseeding of these species [6] .
Technologies for Monitoring Soil and Pasture Variability
The core of PA is effectively managing spatial and temporal variability related to all aspects of agricultural production for the purpose of improving crop performance and environmental quality. Therefore, assessing soil and crop variability is the first critical step and a necessary condition in PA [43] . Quantifying spatial variation of forage biomass yield, vegetation quality, and soil properties can help improve pasture management practices such as grazing rotations, nutrient management, and yield prediction [18] . The results obtained in this study show the potential of three different tools for monitoring soil variability (Dualem 1S-electromagnetic induction sensor), pasture yield variability (Grassmaster II capacitance probe), and pasture quality variability (OptRx-optical active sensor).
Concerning the soil, EC a can be intensively recorded in an easy and inexpensive way and provides an indirect measure of soil properties that can have a dominant influence on plant growth and yield [23] . The significant correlations between EC a and clay, CEC and SMC are in line with the pioneering work of Corwin and Lesch [21] or Sudduth et al. [22] . However, the value of the resulting coefficient of determination is not very high (0.55 to clay; 0.39 to CEC, and 0.48 to SMC). According to Moral et al. [44] modelling the relationships between primary soil variables and EC a is not an easy task due to the dependency of EC a on various soil properties, over different spatial scales. Castrignanò et al. [43] reinforces that such EC a measurements are generally affected by more than one agronomic soil characteristic, consequently, obtaining accurate information about one property by using only one sensing technique is extremely difficult. Also, Corwin and Lesch [21] and Sudduth et al. [22] alert to some inconsistency in the relationship between EC a and soil characteristics. These inconsistent relationships may be generated by the potentially complex interrelationships between EC a and soil properties and nutrient levels [23] . After all, these results show that geospatial measurement of EC a is an efficient ground-based sensing technology that is helping to take management zones (MZ) from concept to reality [23] . The definition of homogeneous management zones (HMZ) forms the basis for the differential application of fertilizers and soil amendment. Over the next years, variable-rate application of inputs will be carried out, decreasing fertilization in the less productive areas (low EC a ) and minimizing the application of chemical substances as a strategy to develop a more cost-effective field management, including less use of agricultural machinery [44] . A recent example of these applications was presented by Serrano et al. [20] , with an integrated approach using spatial variability and temporal stability of EC a and indices obtained by remote sensing to delineate management zones with differential fertilizer prescription.
In regard to pasture biomass estimation, this is the basis for pasture and grazing management in rotational systems, in terms of grazing place, grazing time, or grazing frequency [9] and in terms of calculation of number of animals per unit area [24] . As a result of the multiple grazing choices and the large number of factors that influence grazing, management is always a challenging task [9] . The results of this study, indicating a significant relationship between CMR and biomass (R 2 = 0.75) and between CMR and PMC (R 2 = 0.60), demonstrate that the Grassmaster II probe could play a crucial role in assessing pasture mass in order to improve feed planning under Mediterranean conditions and confirm other works of Serrano et al. [24, 45] .
Finally, the use of the AOS OptRx has shown great potential for pasture monitoring. According to Padilla et al. [46] , proximal optical sensors are a promising approach for rapid and periodic assessment of crop status during the growth cycle or at certain phenological stages. They are sensitive to chlorophyll content per unit of leaf area. The vegetation index (NDVI) obtained from measurements of this sensor showed strong correlations with parameters related to pasture quality (PMC, with R 2 of 0.91; CP, with R 2 of 0.82) or to pasture quality degradation (PQDI, with R 2 of 0.93; NDF with R 2 of 0.84). These results are justified by the principle of NDVI, based on reflectance at the near infrared and red regions, which is strongly related to the vegetation density [47] or to the chlorophyll content, and thus, with the plant growth [48] . Serrano et al. [17] , Albayrak [49] , and Pullanagari et al. [50] also found significant relationships between spectral measurements and pasture quality parameters, which can be attributed to the absorbance of visible radiance by the existing chlorophyll in green vegetation. The interest of the significant correlations between NDVI and pasture quality or pasture quality degradation parameters presented in this paper is particularly emphasized by the possibility of obtaining this and other indices (e.g., the Normalized Difference Water Index, NDWI) from satellite images [26] . The correlation of NDVI with crop vegetative vigor [17] or NDWI with soil or plant moisture [26] is a stimulus and a challenge for small technology-based enterprises serving the agriculture sector. This is the case of the enterprise AgroInsider (spin-off from the University of Évora) which provides agricultural consultancy services in southern Portugal (Figure 12 ) through an electronic platform http://agromap.agroinsider360.com.
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Conclusions
The Mediterranean Montado ecosystem has been the object of study by several research teams in the last decades. The positive impact of trees and animal grazing on soil fertility is a very relevant indicator of the potential of this ecosystem to improve the characteristic poor soils of this region and the natural regeneration of Cork oaks and Holm oaks, which are fundamental elements for animal welfare in the face of climate change challenges. International decision-making structures, notably linked to the Common Agricultural Policy (CAP), should look upon this ecosystem as a long-term opportunity with impacts on the sustainability of agro-silvo-pastoral activity.
High seasonal fluctuations of light, temperature, and soil moisture drive plant quality and productivity in dryland pastures. Pasture nutritional value varies seasonally, annually, and with spatial location and is strongly related to species composition, namely abundance of legumes or grasses and overall plant diversity. Certain botanical species may even be biological indicators of ecosystem degradation situations, such as acid soils or manganese toxicity.
The incorporation of PA technologies in the Montado ecosystem represents an important advancement in pasture management. The results obtained in this study show the potential of three different tools for monitoring soil variability (Dualem 1S-electromagnetic induction sensor), pasture yield variability (Grassmaster II capacitance probe), and pasture quality variability (OptRx-optical active sensor). A better understanding of the Montado ecosystem and of the soil-pasture-tree-animals interactions can help decision making regarding soil amendment or fertilization, dynamic grazing (livestock numbers and time of grazing in each plot), or calculation of feed supplementation needs.
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